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Previews
Genes in the reelin pathway, as well as other genesTbr1 Conducts the Orchestration
such as doublecortin and Lis1, are required for properof Early Cortical Development neuronal migration and lamination (Gleeson and Walsh,
2000). However, very little is known about the mecha-
nisms controlling the development of cortical connec-
tions and the genetic pathways that regulate them.
The development of the neocortex is a beautifully or- At first glance, the cerebral cortex of the Tbr1 mutant
chestrated process that produces neatly organized lay- seems so disrupted as to be almost uninformative. Both
ers of neurons and precise wiring patterns that connect cortical lamination and axonal connections are severely
these layers to other parts of the brain. A paper in this affected. Hevner et al. show that the subplate does not
issue of Neuron describes the work from Rubenstein split efficiently from the marginal zone, and at later
and colleagues on how the loss of the Tbr1 gene severely stages the neocortex lacks its normal layering. In addi-
disrupts this process and highlights its critical role in tion, aberrant clusters of neurons are prominent in cau-
cortical development. Tbr1 is a member of the brachyury dal neocortex. Interestingly, these clusters contain both
family of T-box transcription factors (Bulfone et al., glutamatergic neurons that have migrated radially from
1995). Tbr1 knockout mice were initially reported by the neocortical ventricular zone as well as Gabaergic
Bulfone et al. (1998), who described the loss of projec- interneurons that have migrated tangentially into the
tion neurons in the olfactory bulbs and olfactory cortex, cortex from the ganglionic eminence. Major cortical
which highly express Tbr1. The current study by Hevner axon tracts also fail to form, leaving the neocortex virtu-
et al. has focused on the substantial defects in cortical ally isolated from other parts of the brain. The corpus
architecture and axonal connections in the Tbr1 mutant. callosum is absent; instead of crossing the midline, cal-
Most neocortical neurons, including projection neu- losal axons form large swirls adjacent to it, termed
rons, are born in the ventricular zone of the dorsal telen- Probst bundles. The cerebral peduncle is present but
cephalic vesicle, whereas a large proportion of in- reduced. In addition, the reciprocal connections be-
terneurons migrate into the cortex from the lateral and tween dorsal thalamus and the neocortex are absent:
medial ganglionic eminences (see figure). The first co- corticothalamic axons stop in the internal capsule, and
hort of cortically generated neurons form a transient thalamocortical axons descend from thalamus and enter
layer called the preplate, positioned on top of the ven- the ventral telencephalon but fail to extend dorsolater-
tricular zone. Later-generated neurons migrate along ally into the neocortex. Tbr1 mutants normally die soon
radial glia that span the cortical wall and accumulate after birth.
within the preplate, thereby forming the cortical plate. Despite the multiple severe defects in the Tbr1 mu-
The emerging cortical plate splits the preplate into the tants, Hevner et al.’s careful analysis has allowed some
subplate positioned deep to it, and a cell-sparse mar- order to be coaxed from this chaos (see figure). The first
ginal zone below the pia. As cortical plate neurons con- step in understanding the developmental roles of Tbr1
tinue to be generated, they migrate past the earlier gen- is to consider its expression pattern. In mice, Tbr1 is
erated ones and stop just beneath the marginal zone. expressed only in postmitotic neurons. Tbr1 is ex-
This sequence results in the five layers of the cortical pressed in the preplate as soon as it is formed and later
plate having an “inside-out” pattern of birth dates, with in its derivatives, the marginal zone (including in Cajal-
the oldest neurons in the deepest layer, layer 6. Retzius neurons) and the subplate, as well as in the
Each layer has distinct cytoarchitecture and connec- cortical plate and the intermediate zone, which contains
tions characteristic of the specific neuronal types that neurons migrating from the ventricular zone to the corti-
comprise it. Preplate neurons send the first axons out cal plate. As cortical lamination differentiates postna-
of the cortex even before the cortical plate becomes tally, Tbr1 expression is evident in all cortical layers, but
evident; thus, these neurons, which are later displaced most prominently in glutamatergic neurons (which are
to form the subplate, “pioneer” the internal capsule, the predominantly projection neurons) of layers 2/3 and 6,
pathway that connects the neocortex to its subcortical and in the subplate.
targets (McConnell et al., 1994). Later, layer 6 axons What is the function of Tbr1 in these places? To deter-
project through the internal capsule to the thalamus; mine genes that Tbr1 might regulate, Hevner et al. exam-
layer 5 neurons also extend through the internal capsule ined the expression of a number of candidates found in
but continue beyond it into the cerebral peduncle en- the developing cortex. Many of these genes appear to
route to the midbrain, hindbrain, and spinal cord. The be appropriately expressed in the mutant, but several
projection to the contralateral cortical hemisphere is important differences were noted. First, Wnt7b, a marker
formed predominantly by neurons in layers 2/3 and 5, for layer 6, is markedly reduced in Tbr1 mutants. It is
whose axons cross the midline through the corpus cal- possible that Tbr1 is a positive regulator of Wnt7b, which
losum. in turn is involved in the control of the migration or axon
The last few years have seen progress in elucidating guidance of layer 6 neurons. Interestingly, the expres-
the molecular mechanisms of cortical neuronal migra- sion of subplate markers such as neurocan, calretinin,
tion and lamination. Reelin, a large protein secreted by and a golli-lacZ transgene is also diminished in the mu-
Cajal-Retzius neurons of the marginal zone, seems to tant cortex. Another very intriguing finding is that the
expression of reelin and calretinin, markers of the Cajal-act as a stop signal for migrating cortical plate neurons.
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Diagrammatic Representation of Cortical
Lamination and Connectivity in Normal and
Tbr1 Mutant Mice
Cell types and their projections are color
coded. Yellow ovals are Cajal-Retzius neu-
rons. Aqua oval represents thalamocortical
projection neurons in dorsal thalamus (thal).
See text for details. Abbreviations: cp, cere-
bral peduncle; ic, internal capsule; mz, mar-
ginal zone; sp, subplate. Arabic numerals in-
dicate neocortical layers.
Retzius neurons, is greatly reduced within a clearly visi- proposal is the finding in the Tbr1 mutant that the failure
of subplate axons to extend through the internal capsuleble marginal zone. Other data presented, including anal-
yses of apoptosis and other neuronal markers, suggest coincides with the absence of a layer 6 corticothalamic
projection. An interesting observation, though, is that inthat, at least through embryonic development, the mu-
tant has approximately a normal number of cortical neu- Tbr1 mutants layer 5 axons are able to pass through the
internal capsule and into the cerebral peduncle, albeit inrons, including Cajal-Retzius and subplate neurons.
Thus, the observed deficiencies in the expression of the reduced numbers since in the mutant they only arise
from rostral neocortex for a reason presently beyondappropriate cell-type-specific markers is indicative of
defects in the differentiation of neuron-type-specific explanation. This finding indicates that the navigation
of at least a large contingent of layer 5 axons into andphenotypes.
Numerous studies have shown that reelin expressed through their subcortical pathway does not require ei-
ther subplate or layer 6 axons. However, because Tbr1by Cajal-Retzius neurons in the marginal zone and the
signaling pathway that it initiates are essential for the is expressed in the subplate and layers 5 and 6, the
extent to which these aberrant projections are due toproper migration and layering of cortical plate neurons,
as well as for the splitting of the preplate into a marginal defects autonomous to the projecting neurons is un-
clear. Almost certainly, the defective subplate projectionzone and subplate. Because of the widespread expres-
sion of Tbr1 in the cortex, it is difficult to rule out that is cell autonomous since these neurons highly express
Tbr1, are the first to grow out of the cortex, and do notdefects autonomous to cortical neurons contribute to
their aberrant migration. Nonetheless, the diminished express Tbr1 along their pathway. The aberrant layer 5
and 6 projections could be secondary to the defectivereelin expression in itself may be sufficient to explain
the disorganized lamination of Tbr1 mutants. However, subplate projection or due to a cell-autonomous mecha-
nism, especially for layer 6 neurons, which express muchit is unlikely that the axon tract defects in the Tbr1 mutant
are due directly or indirectly to the reelin deficiency since higher levels of Tbr1 than do layer 5 neurons.
In addition to a possible guidance function for layerthese defects are not observed in the reeler mouse, a
naturally occurring and viable mutant that exhibits a 5 and 6 projections, the pioneering subplate axons (or
layer 6 corticothalamic axons) have been proposed incomplete lack of functional reelin protein and even more
severe lamination defects than the Tbr1 mutant (Cavi- the “handshake hypothesis” to guide thalamocortical
axons through the internal capsule to their target areasness et al., 1988). Thus, the Tbr1 mutants are clearly
lacking more than reelin. in the neocortex (Molnar and Blakemore, 1995). Again,
the defective subplate projection in the Tbr1 mutantHevner et al. present intriguing evidence for mecha-
nisms that may control the development of cortical axo- correlates with the aberrant pathfinding of thalamocorti-
cal axons and their failure to reach the neocortex. Sincenal projections. For example, the failure of callosal axons
to cross the midline may be due to defects autonomous Tbr1 is not expressed in dorsal thalamus, this phenotype
cannot be autonomous to thalamocortical projectionto early-generated neurons in medial cingulate cortex
that pioneer the corpus callosum (Koester and O’Leary, neurons. By contrast, several other lines of mutant mice,
including those deficient for Gbx2, Mash1, Pax6, COUP-1994); these neurons are located in the deep layers that
highly express Tbr1 and show reduced expression of TFI, and netrin-1, also have reduced or absent thalamo-
cortical projections (Miyashita-Lin et al., 1999; KawanoWnt7b in the mutant. Perhaps a more controversial is-
sue, though, has been the role of the subplate in cortical et al., 1999; Tuttle et al., 1999; Zhou et al., 1999; Braisted
et al., 2000). However, all of these genes are expresseddevelopment. Since subplate axons are the first to exit
the cortex and as such pioneer the internal capsule, it in either dorsal thalamus and/or in telencephalic cells
along the pathway, and so the failure can be attributedhas been proposed that they function as guides for layer
6 and layer 5 axons that later extend through the internal to defects in the development of thalamocortical projec-
tion neurons or defects in the pathway. On the face ofcapsule (McConnell et al., 1994). Consistent with this
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Tuttle, R., Nakagawa, Y., Johnson, J.E., and O’Leary, D.D.M. (1999).it then, this finding may be the first genetic evidence in
Development 126, 1903–1916.support of the “handshake hypothesis.” Bolstering this
Zhou, C., Qiu, Y., Pereira, F.A., Crair, M.C., Tsai, S.Y., and Tsai, M.J.sentiment is the finding of Hevner et al. that connections
(1999). Neuron 24, 847–859.between midline thalamic nuclei and cingulate cortex,
a cortical region distinct from neocortex, do form in the
Tbr1 mutant; these projections arise from different parts
of thalamus than those to neocortex and take a distinct
pathway, one through the external capsule rather than
internal capsule, and therefore would likely not depend Stimulating New Turns
upon subplate axons for their pathfinding. Although Tbr1
is not expressed in the derivatives of the medial or lateral
ganglionic eminences within which the internal capsule In this issue of Neuron, a paper by Ming et al. (2001)
forms, it is expressed in the eminentia thalami, the en- shows that stimulation of action potentials can dramati-
topeduncular nucleus, and the caudal ganglionic emi- cally alter the turning responses of growth cones to
nence, structures positioned near the more proximal attractive and repulsive guidance factors in culture.
part of the path of thalamocortical axons to the neocor- Turning up a gradient of netrin-1 is enhanced, myelin-
tex. Therefore, the aberrant thalamocortical projection associated glycoprotein (MAG)–induced repulsive turn-
in the Tbr1 mutant may be due, at least in part, to the ing is converted to attraction, and Sema3A-induced re-
loss of potential guidance cues that may normally be pulsive turning is converted to full growth cone collapse.
associated with these structures. This study continues a line of investigation that
In closing, the study of Hevner et al. has clearly shown opened with the remarkable 1997 discovery from Mu-
that Tbr1 is essential for several critical early events in ming Poo’s laboratory that attraction can be changed
cortical development, including proper lamination and to repulsion in cultured Xenopus spinal neurons by
formation of cortical input and output axonal projec- changing cAMP levels pharmacologically (Song et al.,
tions. In addition, this study has set the stage for impor- 1997). In a series of subsequent papers, Poo and col-
tant future work in defining the genes regulated by Tbr1, leagues investigated the basis of this effect (Song and
and in sorting out which neurons require cell-autono- Poo, 1999). This has led to a balanced model of turning
mous expression of Tbr1 and which neurons require that divides attractants and repellents into two classes
Tbr1 nonautonomously for their proper development. based on whether they are influenced by cAMP or cGMP
Studies to be done in the coming years should introduce levels. In this model, diffusible factors induce both poly-
further order to the chaotic cortex created by the loss merization (P) and depolymerization (D) of actin. The
of Tbr1. P/D ratio determines whether a factor is attractive or
repulsive. Attractants generally stimulate P over D, and
Noelle D. Dwyer and Dennis D. M. O’Leary repellents stimulate D over P. But the P/D ratio is also
Molecular Neurobiology Laboratory influenced by baseline levels of cAMP (class 1) or cGMP
The Salk Institute (class 2). In the class 1 system, protein kinase A, stimu-
La Jolla, California 92037 lated by high cAMP, phosphorylates effectors of the
P/D machine and pushes the P/D ratio toward P. In low
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